A new model for risk assessment of agricultural drought based on information diffusion method and variable fuzzy sets (IDM-VFS) was proposed. In addition, an integrated index system of agricultural drought risk was established. In the proposed model, IDM was employed to calculate the agricultural drought risk level classification standards, and then the VFS was adopted to assess the dangerousness, sensitivity, vulnerability, and comprehensive risk of agricultural droughts. In the present study, Nanpan River Basin was employed to assess the agricultural drought risk with the proposed model. The results showed that KaiYuan, ShiZong, QiuBei, and ZhanYi have higher dangerousness, due to water shortage. GuangNan have higher sensitivity and vulnerability because of lower drought resistance level and higher crop planting proportion. The comprehensive agricultural drought risk shows apparent regional characteristics: the central, western and northwestern counties have lower risk than the eastern counties. Moreover, most areas of the Nanpan River Basin are of moderate agricultural drought risk grade. The results are consistent with the actual situation of Nanpan River Basin and verify the model's effectiveness. The study can provide a scientific reference in drought risk management for local governmental agencies.
Introduction
Drought originates from a deficiency of precipitation over an extended period of time that results in water shortage for some activity, or some group [1] . It is commonly classified into four typologies: meteorological, agricultural, hydrological, and socio-economic. In recent decades, droughts have occurred more frequently and imposed adverse impacts on natural and human systems [2, 3] . China is one of the countries that is most prone to drought disaster [4] . For example, from 2009 to 2011, severe droughts swept China from north to south and from east to west, which caused huge economic and societal losses [5] [6] [7] [8] [9] . Drought has become an important factor affecting China's agricultural and sustainable development. The Nanpan River Basin (NRB), located in the southeast of Yunnan-Guizhou Plateau slopes is one of the regions that suffer most from serious and frequent droughts [10] . Therefore, it is important to assess the risk of droughts, which can help to improve the prediction ability of droughts and to reduce the losses caused by droughts.
In order to mitigate losses caused by drought, it is necessary to assess this phenomenon adopting scientific methods. Drought index is a quantitative method that can characterize drought levels through assimilating data from one or several indices into a single numerical value [11] . The WMO Sustainability 2017, 9, 1124 2 of 16 (World Meteorological Organization) defines drought index as "an index which is related to some of the cumulative effects of a prolonged and abnormal moisture deficiency" [12] . Over the years, several drought indicators have been developed to characterize droughts [13] [14] [15] [16] [17] [18] [19] . Most of these studies have focused on a single drought index, e.g., Palmer Drought Severity Index (PDSI) [13] , Surface Water Supply Index (SWSI) [14] , SPI Standardized Precipitation Index (SPI) [15] , and Standardized Precipitation Evapotranspiration Index (SPEI) [16] . However, agricultural drought disaster is a multivariate phenomenon that contains interactive physical linkages including antecedent moisture conditions, soil type, slope, and the intensity of the precipitation event [20] . Hence, several integrated drought indicators that combine different drought variables have proposed by researchers. For example, Safavi et al. [17] developed an integrated index using multiple factors including land use, slope and soil type, precipitation, surface water storage, environment needs and other factors. Rajsekhar et al. [18] constructed a multivariate drought index (MDI) through combing hydrological and meteorological information with precipitation, evapotranspiration, runoff, and soil moisture factors. Waseem et al. [19] developed the antecedent condition-based multivariate drought index (AMDI) that includes climatic water balance, antecedent moisture conditions and other factors.
According to the natural disaster system theory, the occurrence of drought is due to dangerousness of hazard-formative factors, sensitivity of hazard-inducing environment, and vulnerability of hazard-affected bodies. The dangerousness is used to describe the abnormal degree of nature and society. The sensitivity is adopted to depict the responsiveness to nature hazards [21] . The vulnerability is conceptualized as "The conditions determined by physical, social, economic and environmental factors or processes which increase the susceptibility of an individual, a community, assets or systems to the impacts of hazards" [22] . In order to assess agricultural drought risk effectively, this study established the agricultural drought integrated index system with dangerousness indices, sensitivity indices, and vulnerability indices. Therefore, the comprehensive agricultural drought risk is defined as a composite function of dangerousness, sensitivity, and vulnerability based on the natural disaster system theory.
Drought is a fuzzy phenomenon and is difficult to evaluate mainly because of the lack of sufficient data [23] . Therefore, fuzzy and uncertainty theories have been introduced into the drought risk assessment by some researchers, such as fuzzy comprehensive evaluation [24] , information diffusion [25] , variable fuzzy sets (VFS) [26] , and copula [27, 28] et al. However, there are some deficiencies in these approaches. For example, the fuzzy comprehensive evaluation cannot well resolve the duplication information caused by related evaluation indices; the establishment of the relative membership function of the variable fuzzy sets depends on physical analysis and expert experience [29] . Taking into consideration these factors, there is a trend that combines the advantages of different of methods to construct a new approach. For example, Li et al. [30] developed a composite model based on improved information diffusion method and variable fuzzy sets to assess the disaster risk. Ouyang et al. [31] put forward a composite method based on information diffusion method and bootstrap to estimate the drought risk levels of drought-prone areas in Anhui province. Deng et al. [32] put forward a composite model based on projection pursuit and information diffusion to assess the risk of drought in the Qujing city of Yunnan province.
The variable fuzzy sets (VFS) can effectively eliminate the border effect on assessment results and make full use of various index data to obtain comprehensive risk evaluation results. The information diffusion method (IDM) can establish the level classification standards of drought risk assessment indices, and help to determine the relative membership function. Hence, in this paper, VFS was combined with IDM as an integrated model to assess the risk of agricultural drought. In the proposed model IDM was employed to calculate the level classification standards of drought risk assessment indices, and then the VFS was adopted to achieve the comprehensive risk evaluation of droughts. In the support of integrated index system and IDM-VFS model, the Nanpan River Basin in Yunnan province was taken as a case study area. The paper is organized as follows. Section 2 depicts the study area, followed by the data and methods in Section 3. Section 4 presents the main results and analysis. The discussion and conclusions of the study are given in Section 5.
Overview of Study Area
Nanpan River Basin (Figure 1 ), which is located between 102 • 14 E-106 • 7 E and 23 • 12 N-26 • 27 N, originates from the east side of Maxiong mountain. The river's total length is 651 km, and its drainage area is 43,311 km 2 in Yunnan province. The river basin is significantly dominated by subtropical monsoon climate and dry wet seasonal change. The annual mean temperature ranges from 13 • to 20 • . The mean annual precipitation is 921.1 mm. The precipitation mainly occurs from May to October, which account for 86.7% of annual precipitation, and its uneven distributed making the river basin prone to drought. The spatiotemporal distribution of runoff is similar to precipitation, with annual average natural runoff 1.08 billion m 3 . In recent years, localized drought disasters have occurred frequently and caused huge losses. Thus, drought has become one of the most important factors that restrict the development of Nanpan River Basin.
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Data and Methods

Data Sources
Information Diffusion Method (IDM)
Information diffusion method (IDM) can transform a data sample point into a fuzzy set. The principle of information diffusion is an affirmation: when a knowledge sample is given, it can be adopted to calculate a relationship. The sample is called "non-diffusion estimation". If and only if the sample is incomplete, can the method make the diffusion estimation closer to the real relationship than the non-diffusion estimation [33] . In drought risk assessment, the method can 
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Information diffusion method (IDM) can transform a data sample point into a fuzzy set. The principle of information diffusion is an affirmation: when a knowledge sample is given, it can be adopted to calculate a relationship. The sample is called "non-diffusion estimation". If and only if the sample is incomplete, can the method make the diffusion estimation closer to the real relationship Sustainability 2017, 9, 1124 4 of 16 than the non-diffusion estimation [33] . In drought risk assessment, the method can establish the level classification standards of drought assessment risk indices to improve the evaluation accuracy. In this paper IDM was employed to calculate the exceeding probability of every index, then based on the national drought planning and drought data, the level classification standards of drought risk assessment indices were established. There are many types of information diffusion methods, e.g., double exponential jump diffusion, logarithmic diffusion, and the normal information diffusion method. Huang and Wang [34] demonstrated that the normal IDM is better than the logarithmic and exponential diffusion method under the small sample size condition. Therefore, in this paper the normal IDM is adopted. The definition of information diffusion can be shown as follows: Definition 1. Suppose X = {x 1 , x 2 , · · · , x n } is a random sample set, V is the universal field, and the information diffusion method is a mapping µ : X × V → [0, 1] that satisfies the following three conditions [35] :
(1) ∀x ∈ X, let v * be the observed value of x, then µ(
The assessment model based on the information diffusion is shown as follows: Let the index system for drought risk assessment be X = {x 1 ,
is a value in U. According to the national drought planning of China, the drought risk level is divided into lowest risk, lower risk, moderate risk, higher risk, and highest risk, respectively. The information carried by x i can be diffused into u j according to Equation (1) .
Here, h is the diffusion coefficient, can be calculated as follows:
where a = min
Suppose:
Then, the normalized diffusion function g i (u j ) can be obtained through Equation (4):
q(u j ), then the probability of samples falls in u j can be represented as follows:
The exceeding probability of u j can be obtained through Equation (6) .
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Finally, according to drought grade probability classification standard, the level classification standards of drought risk assessment indices can be obtained.
Entropy Combination Weighted Method
The integrated index system of drought risk assessment includes a lot of indices. Each index plays a different role in the integrated system. The index weight reflects the relative importance of each index in the integrated index system. The entropy weight method is an objective method that determines the importance of index based on the information carried by the given data. The more concentrated information that one index provides, the less important the index is. The less concentrated information that one index provides, the more important the index is. The ANP (Analytic Network Process) is a subjective method to determine the weight of indices based on experts' experience [36] . The Super Decisions software can be adopted to determine the ANP weight of an index. Those two methods have their own advantages and disadvantages. Therefore, in this paper, we use a combined method to improve the reliability as follows:
where ω is the combined weight, ω 1 is the subjective weight calculated by ANP, ω 2 is the objective weight calculated by entropy weight method, α (0 < α < 1) is the coefficient, in this paper we set α = 0.5. Then the combined weight vector ω can be calculated as follows:
where m is the number of sample indicators.
Variable Fuzzy Set Theory (VFS)
Chen proposed the Variable fuzzy sets (VFS) based on engineering fuzzy sets and the relative membership degrees [37] . It extends the static fuzzy set proposed by Zadeh [38] and establishes the dynamic variable fuzzy sets theory. The model can deal well with the variable fuzzy phenomena, such as flood, drought, and so on. Therefore, in this paper after the calculations of the level classification standards of drought risk assessment indices and the weight of each index, the VFS was adopted to obtain the comprehensive risk values. The VFS model is shown as follows:
Assume A is a fuzzy concept in the domain of U(u ∈ U), A 
which ranges from 0 to 1.
, which ranges from 1 to 0. RMD satisfies Figure 2 . 
Let
, where
is defined as the relative difference degree function of u to A  that satisfy the mapping
where Sustainability 2017, 9, 1124
where
A + , A − and A 0 are defined as the attracting sets, repelling sets and balance boundary of VFS V 0 , respectively. For any element u in the set V 0 is defined as VFS. 
where Suppose x is a random point in interval X . Then when x lies in the left side of M : Suppose x is a random point in interval X. Then when x lies in the left side of M:
When x lies in the right side of M:
In which β ≥ 0, generally, setting β = 1. Suppose X = {x 1 , x 2 , · · · , x n } is the sample set of drought risk evaluation. The index eigenvalue of the sample j can be expressed as x j = (x 1j , x 2j , · · · , x mj ) where m is the number of sample indices. Then the sample set can be express as X = (x ij ) m×n , where i = 1, 2, · · · , m, j = 1, 2, · · · , n. h is the total grade number. Then the relative membership degree matrix U h and the integrated relative membership degree i u h can be obtained as follows:
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where, ω i is the weight of index that can be calculated by Equation (8); α is the optimal rule parameter, α = 1 is the least single method and α = 2 is the least square method; p is the distance parameter, p = 1 is Hamming distance and p = 2 is Euclidean distance. i u h is the non-normalized relative membership degree; Let the matrix of i u h is U = i u h . Then the normalized relative membership degree i u h can be obtained through Equation (15), and the matrix of i u h is U = i u h .
Finally, by adopting ranking feature value method, drought risk grade values of samples can be obtained through Equation (16) .
Assessment Steps Basedon IDM-VFS Model
(1) The combination weight of each drought index can be calculated by Equations (7) and (8). (2) Based on the IDM model, the level classification standards of drought risk assessment indices can be calculated. 
where, R is the comprehensive risk of each region; W is the combinations weight.
Results and Analysis
Agricultural Drought Index System
The reasonable indices of agricultural drought risk assessment should be able to accurately describe the drought extent, and contain a clearly physical mechanism such as precipitation, evapotranspiration, soil, and so on. According to the natural disaster system theory and the actual situation of Nanpan River Basin, an integrated risk assessment indicator system of agricultural drought was established (see Figure 4) . The entire index system is divided into three subsystems: dangerousness, sensitivity, and vulnerability.
The dangerousness indices describer the abnormal degree of nature and society. Among them the extreme precipitation and temperature are the main inducement of droughts. Generally, the higher the dangerousness the easier the drought disaster appears. That is, precipitation anomaly percentage (I 11 : %), homogenization of precipitation and temperature (I 12 ), soil moisture from November to April (I 13 : %), per capita water resources (I 14 : m 3 /person) and reservoir water storage capacity (I 15 : %) are chosen to describe the dangerousness subsystem. Among them, soil moisture from November to April is determined by rate of water content of soil weight and the relative moisture of soil; reservoir water storage capacity is equal to reservoir water storage capacity at the end of year divided by average water storage capacity.
The sensitivity indices mainly describe the responsiveness to drought. The sensitivity of hazard-inducing environment includes: climate, soil, economic development level, basic irrigation facilities and other natural, social, economic and ecosystems. The greater the sensitivity, the larger 24 : %), water-saving irrigation proportion (I 25 : %), security area ratio (I 26 : %), electromechanical drainage and irrigation area ratio (I 27 : %), drought relief investment level (I 28 : %) and emergency response ability (I 29 ) are chosen to depict the sensitivity subsystem. Among them, the drought relief investment level refers to the level of actual investment that is needed in order to mitigate the loss caused by drought and emergency response ability refers to the ability of the region to respond to drought. Both factors are determined by experts' experience.
The vulnerability indices reflect the anti-disaster capability. The higher the value vulnerability of hazard-affected bodies, the greater the loss will be. The agricultural population density (I 31 : person/km 2 ), crop planting proportion (I 32 : %), grain output per unit area (I 33 : kg/mu), agricultural output value density (I 34 : ten thousand/km 2 ), drought rate (I 34 : %) and hazard rate (I 35 : %) are selected to depict the vulnerability subsystem. Among them, the crop planting proportion is equal to crop areas divided by land areas; agricultural output value density is equal to gross agricultural production divided by land areas.
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The sensitivity indices mainly describe the responsiveness to drought. The sensitivity of hazard-inducing environment includes: climate, soil, economic development level, basic irrigation facilities and other natural, social, economic and ecosystems. The greater the sensitivity, the larger the losses of drought. 
Evaluate Drought Risk Based on IDM-VFS Model
Based on the agricultural drought risk assessment index system and IDM-VFS model, firstly the ANP was combined with entropy to determine the weight of drought risk indices; then the information diffusion model was adopted to determine the level classification standards of drought risk assessment indices; and then the VFS model was employed to calculate the drought risk values in dangerousness, sensitivity, and vulnerability, respectively. Finally, the comprehensive drought 
Based on the agricultural drought risk assessment index system and IDM-VFS model, firstly the ANP was combined with entropy to determine the weight of drought risk indices; then the information diffusion model was adopted to determine the level classification standards of drought risk assessment indices; and then the VFS model was employed to calculate the drought risk values in dangerousness, sensitivity, and vulnerability, respectively. Finally, the comprehensive drought risk grade was obtained and the risk zoning map was drawn. For demonstration purposes, Shilin has been chosen as an example to discuss the risk assessment of drought in detail.
The Index Values of Shilin from 2000 to 2010
For better readability, the index values were shown in terms of dangerousness, sensitivity, and vulnerability, respectively (see Tables 1-3) . Index weight was determined by combined entropy weight method and ANP. The weight of agricultural drought risk assessment indices was shown in Table 4 . The level classification standards of each agricultural drought risk assessment index are determined by IDM. Firstly, the index values were taken as samples of information diffusion, then the exceeding probability of each indicator were calculated; finally, the level classification standards of each drought risk assessment index were obtained (see Table 5 ). According to Table 5 , the interval matrix, bound matrix and point value matrix were established, and then, based on Equations (10)- (16), the relative membership degree matrix and integrated membership degree were obtained, and finally the drought risk was calculated in terms of dangerousness, sensitivity, and vulnerability, respectively. The risk values of agricultural drought in Shilin from 2000 to 2010 were shown in Table 6 . From Table 6 , the dangerousness of 2009 is higher than other years. The vulnerability of 2010 is more serious than other years. In 2009, the precipitation was less than the normal level, the temperature was higher, and the water source in soil moisture was lower, resulting in the drought relief being difficult. The average risk value of dangerousness is 2.19, the average risk value of sensitivity is 3.42, and the average risk value of vulnerability is 3.04.
Adopting the same methods and procedures, we can obtain the average agricultural drought risk values of the other 24 counties in terms of dangerousness, sensitivity, and vulnerability, respectively (see Table 7 ). The dangerousness of droughts shows obvious regional characteristics in 25 counties in Nanpan River Basin. The dangerousness of KaiYuan, ShiZong, QiuBei, and ZhanYi are higher, while JianShui, LuXi, ShiPing, JiangChuan, TongHai are lower from 2000 to 2010. The major influence factors of dangerousness are meteorological conditions and water resources. The Precipitation decreased from east to west gradually, and the west regions are relatively short of water from 2000 to 2010.
The sensitivity of QiLin and HongTa are lower, while GuangNan, MiLe, QiuBei, LuXi, and ShiPing are higher. The drought sensitivity mainly depends on natural resources and drought resistance level. Water resource distribution in the Nanpan River Basin is uneven. In recent years, the local government has increased investment in drought resistant. However, the drought resistant investments in GuangNan, and QiuBei are lower, resulting in higher sensitivity.
HongTa and JiangChuan are located in the lowest drought vulnerability area, while MaLong and GuangNan are in the highest. The vulnerability of drought is the reflection of industrial structure and crop planting conditions. HongTa, JiangChuang, and TongHai are lower crop planting proportion and agricultural population density so they belong to the lower drought vulnerability counties. The crop planting proportion in MaLong and GuangNan is more than 15% and the agricultural population density is higher, leading to the highest drought vulnerability.
The comparisons in terms of drought dangerousness, sensitivity, and vulnerability, respectively in Nanpan River Basin was shown in Figure 5 . The dangerousness of droughts shows obvious regional characteristics in 25 counties in Nanpan River Basin. The dangerousness of KaiYuan, ShiZong, QiuBei, and ZhanYi are higher, while JianShui, LuXi, ShiPing, JiangChuan, TongHai are lower from 2000 to 2010. The major influence factors of dangerousness are meteorological conditions and water resources. The Precipitation decreased from east to west gradually, and the west regions are relatively short of water from 2000 to 2010.
The comparisons in terms of drought dangerousness, sensitivity, and vulnerability, respectively in Nanpan River Basin was shown in Figure 5 . 
Calculate the Comprehensive Risk Assessment of Agricultural Droughts
The comprehensive agricultural drought risk grades in Nanpan River Basin were shown in Table 8 . 
The comprehensive agricultural drought risk grades in Nanpan River Basin were shown in Table 8 .
Based on the assessment results, the comprehensive risk zoning map in Nanpan River Basin was drawn.
From Figure 6 , it can be see that the comprehensive risk drought in Nanpan River Basin has regional characteristics. The comprehensive drought risk in Mengzi, Mile, Yanshan, Qiubei, Guangnan is higer, while that in Yiliang, Qilin, Luliang, Luoping, Hongta, Jiangchuang, Chengjiang, Tonghaiis lower. The risk level in the central, western and northwestern areas lower than the eastern area in the Nanpan River Basin. Moreover, most areas of Nanpan River Basin experience moderate drought.
From Figure 6 , it can be see that the comprehensive risk drought in Nanpan River Basin has regional characteristics. The comprehensive drought risk in Mengzi, Mile, Yanshan, Qiubei, Guangnan is higer, while that in Yiliang, Qilin, Luliang, Luoping, Hongta, Jiangchuang, Chengjiang, Tonghaiis lower. The risk level in the central, western and northwestern areas lower than the eastern area in the Nanpan River Basin. Moreover, most areas of Nanpan River Basin experience moderate drought. 
Discussion and Conclusions
With global climate change, droughts are occurring more frequently in China, and drought risk assessment is important for drought management. However, drought is a fuzzy phenomenon and there is a lack of sufficient data. It is difficult to depict it accurately through traditional statistics, especially in small sample problems. Therefore, some fuzzy and uncertainty theories have been developed to assess the risk of drought. The variable fuzzy sets (VFS) can make full use of various index data to obtain comprehensive risk evaluation results. The information diffusion method (IDM) can transform a sample observed value into a fuzzy set and is capable of dealing with small sample Figure 6 . Distribution of comprehensive drought risk in the Nanpan River Basin.
With global climate change, droughts are occurring more frequently in China, and drought risk assessment is important for drought management. However, drought is a fuzzy phenomenon and there is a lack of sufficient data. It is difficult to depict it accurately through traditional statistics, especially in small sample problems. Therefore, some fuzzy and uncertainty theories have been developed to assess the risk of drought. The variable fuzzy sets (VFS) can make full use of various index data to obtain comprehensive risk evaluation results. The information diffusion method (IDM) can transform a sample observed value into a fuzzy set and is capable of dealing with small sample problems. Meanwhile, IDM can extract useful information and establish the level classification standards of agricultural drought risk assessment indices, which is helpful to determine the relative membership function of VFS. Therefore, in this research, a new model for agricultural drought risk assessment based on information diffusion and variable fuzzy sets was proposed. In the IDM-VFS model, VFS was adopted to assess the dangerousness, sensitivity, and vulnerability of agricultural drought and the comprehensive agricultural drought risk of the Nanpan River Basin.
According to the natural disaster system theory and actual situation of Nanpan River Basin, an integrated agricultural drought risk index system with drought dangerousness indices, drought sensitivity indices, and drought vulnerability indices was established. In the support of integrated index system and IDM-VFS model, the Nanpan River Basin in Yunnan province was taken as a case study area. There are many studies of drought around the world, but very few in the Nanpan River Basin. Previous studies in the Nanpan River Basin have focused on the spatial and temporal distribution of drought events and the links with some climate indices. Considering the integrated impact of dangerousness of hazard-formative factors, sensitivity of hazard-inducing environment, and vulnerability of hazard-affected bodies, to establish an integrated index system of agricultural drought risk in Nanpan River Basinet is helpful to support drought risk management and develop effective mitigation strategies in this region. The results showed that KaiYuan, ShiZong, QiuBei, and ZhanYi have higher dangerousness, due to water shortage. Moreover, the sensitivity and vulnerability in GuangNan are higher than other regions because of lower drought resistance level and higher crop planting proportion. The comprehensive drought risk shows apparent regional characteristics, the central, western and northwestern counties have lower risk than the eastern counties. In addition, most areas of the Nanpan River Basin are located in a moderate drought risk region. The results are consistent with the actual situation of the Nanpan River Basin and can provide reference and decision-making for the emergency management department. However, due to the complexity of risk assessment of droughts, the formation mechanism, and risk management of regional drought need to be studied further.
